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Modern point-of-view:

Electromagnetic gauge fields are needed to describe
the long-range quantum entanglement of the
“vacuum”’.



Modern point-of-view:

Electromagnetic gauge fields are needed to describe
the long-range quantum entanglement of the
“vacuum”’.

Electrons in crystals provide a new “vacuum’, and
their interactions can naturally lead to quantum
states which have long-range quantum entanglement,
and require “emergent’ gauge fields.
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Emergent gauge fields

Local constraint on dimer number operators:

n1+ng +n3+ng = 1.

A

Identify dimer number with an ‘electric’ field, F;, = (—1)%=T% f;,,
(a = z,y); the constraint becomes ‘Gauss’s Law’:

AN

AaE’éa = (—1)%_'_% :

The theory of the dimers is compact U(1) quantum electrodynam-
ics in the presence of static background charges. The compact the-
ory allows the analog of Dirac’s magnetic monopoles as tunneling
events /excitations.

G. Baskaran and P. W. Anderson, Phys. Rev. B 37, 580(R) (1988)
E. Fradkin and S. A. Kivelson, Mod. Phys. Lett. B 4,225 (1990)
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Including dimers connecting the same sublattice leads to a
Zi5 gauge theory in the presence of Berry phases of static
background charges. This has a stable deconfined phase in
241 dimensions. By varying parameters it can undergoes
a confinement transition to a valence bond solid, described
by a frustrated Ising model.

N. Read and S. Sachdey, Phys. Rev. Lett. 66, 1773 (1991); R.A. Jalabert and S. Sachdey, Phys. Rev. B 44, 686
(1991); X.-G.Wen, Phys. Rev. B 44,2664 (1991); S. Sachdev and M.Vojta, |. Phys. Soc. Jpn 69, Supp. B, | (1999)
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entanglement in insulators

2 Theory of ordinary metals: Fermi liquids (FL)\
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(a) Quasiparticles
(b) Luttinger theorem for volume enclosed by Fermi surface
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Fermi

surface

Ordinary metals: the Fermi liquid

Fermi surface separates empty and
occupied states in momentum space.

Luttinger Theorem: volume (area)
enclosed by Fermi surface = the
electron density.

Hall co-efficient
Ry = —1/((Fermi volume) X e).
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|. Emergent gauge fields and long-range
entanglement in insulators

2. Theory of ordinary metals: Fermi liquids (FL)

(a) Quasiparticles
(b) Luttinger theorem for volume enclosed by Fermi surface

\

3. The FL* phase:

Quasiparticles with a non-Luttinger volume,
and emergent gauge fields
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Recent evidence for pseudogap metal as FL*

e Density wave instabilities of FL* have wave vector
and form-factors which agree with STM/X-ray obser-
vations in DW region (D. Chowdhury and S. Sachdev,
PRB 90, 245136 (2014)).
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Recent evidence for pseudogap metal as FL*

e Density wave instabilities of FL* have wave vector
and form-factors which agree with STM/X-ray obser-
vations in DW region (D. Chowdhury and S. Sachdev,
PRB 90, 245136 (2014)).

e T-independent positive Hall co-efficient, Ry, corre-
sponding to carrier density p in the higher tempera-
ture pseudogap (Ando et al., PRL 92, 197001 (2004))
and in recent measurements at high fields, low 1", and
around p ~ 0.16 in YBCO (Proust-Taillefer-UBC col-
laboration, Badoux et al., arXiv:1511.08162).
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We have described a metal with:

® A Fermi surface of electrons enclosing volume p,
and not the Luttinger volume of /+p

® Additional low energy quantum states on a torus
not associated with quasiparticle excitations i.e.
emergent gauge fields

There is a general and fundamental relationship
between these two characteristics. Promising

indications that such a metal describes the
pseudogap of the cuprate supercondutors




